Urokinase plasminogen activator (uPA) regulates a proteolytic cascade that facilitates cancer invasion through degradation of the extracellular matrix, and high levels of uPA in human breast cancer tissue correlate with poor prognosis. We previously found that, in ductal breast cancer, uPA mRNA is highly expressed by myofibroblasts surrounding invasively growing cancer cells. However, the localization of uPA protein has not been settled in the published literature. Because uPA is a secreted molecule, it could conceivably be localized differently from its mRNA. We have studied the localization of uPA immunoreactivity in detail. Twenty-five cases of invasive ductal carcinoma were analyzed with three different uPA antibody preparations, all of which gave an essentially identical stromal staining pattern. Using double immunofluorescence, we identified uPA immunoreactivity in myofibroblasts and macrophages in all cases examined. Additionally, in approximately half of the tumors, we saw uPA staining of endothelial cells. In 3 of the 25 cases, a small subpopulation of the cancer cells was uPA-positive. We conclude that uPA immunoreactivity is almost exclusively associated with stromal cells, which thus play a major role in generation of proteolytic activity in ductal breast cancer. (Lab Invest 2001, 81:1485-1501.
U rokinase plasminogen activator (uPA) is a serine protease that contributes to the degradation of the extracellular matrix during tissue remodeling processes such as invasion of cancer cells and trophoblasts, wound healing, and postlactational mammary gland involution (Bugge et al, 1998; Danø et al, 1985; Lund et al, 1996 Lund et al, , 1999 Lund et al, , 2000 Mignatti and Rifkin, 1993; Rømer et al, 1996; Sappino et al, 1989) . uPA is secreted from cells as a virtually inactive proenzyme (pro-uPA), which after proteolytic activation can convert plasminogen into active plasmin (Petersen et al, 1988) . Both pro-uPA and uPA bind with high affinity to a specific glycolipid-anchored cell surface receptor (uPAR) Roldan et al, 1990) , and upon receptor-binding of pro-uPA, plasmin generation is highly potentiated Ellis et al, 1992) . uPA activity is strongly inhibited by two specific plasminogen activator inhibitors, plasminogen activator inhibitor type 1 (PAI-1) and PAI-2 (Andreasen et al, 1997; Kruithof, 1988) . uPA, uPAR, and PAI-1 are frequently overexpressed in cancer tissue, and high levels of any of these components are associated with poor prognosis in several types of human cancer, including breast cancer (Duffy et al, 1990; Grøndahl-Hansen et al, 1993 , 1995 Pedersen et al, 1994a Pedersen et al, , 1994b Stephens et al, 1999) .
Histochemical studies of different types of human cancer, including breast and colon cancer, have shown that stromal cells often contribute strongly to the overall levels of uPA, uPAR, and PAI-1 in the tumor tissue (Bianchi et al, 1994 (Bianchi et al, , 1995 Hewitt and Danø, 1996; Nielsen et al, 1996; Pyke et al, 1991a Pyke et al, , 1991b Pyke et al, , 1993 . In ductal breast cancer, uPAR immunoreactivity is associated mainly with macrophages (Bianchi et al, 1994; Pyke et al, 1993) , and PAI-1 immunoreactivity with fibroblast-like cells and also, to a lesser extent, with macrophages and endothelial cells (Bianchi et al, 1995; Pappot et al, 1995) . We have previously found that virtually all uPA mRNA in breast cancer tissue is located in stromal cells identified as myofibroblasts and, only in rare cases, in some cancer cells (Nielsen et al, 1996) . Matrix metalloproteases (MMPs) are also often expressed by stromal cells in cancer tissue (Heppner et al, 1996; Hewitt and Danø, 1996; Nielsen et al, 1997) . These observations indicate that stromal cells play a major role in the generation and regulation of matrix degrading proteolytic activity and, thereby, in cancer invasion and metastasis .
This active stromal cell participation in cancer invasion has profound implications for both cancer therapy and basic cancer biology, a particularly interesting feature being strong similarities between certain types of cancer and the normal tissue remodeling processes, which can occur in the corresponding tissue, eg, between ductal breast cancer and postlactational breast involution (Johnsen et al, 1998) . It is therefore important to determine in which cells uPA protein is located in breast cancer tissue. Until now, however, this issue has not been clarified, despite several immunohistochemical studies (Carriero et al, 1994; Christensen et al, 1996; Costantini et al, 1991 Costantini et al, , 1996 Damjanovich et al, 1994; Del Vecchio et al, 1993; Dublin et al, 2000; Jänicke et al, 1991; Jankun et al, 1993; Kennedy et al, 1998; Sumiyoshi et al, 1991; Visscher et al, 1993 Visscher et al, , 1995 . Many groups report that the uPA immunostaining is localized exclusively or mainly in the cancer cells in contrast to the above discussed localization of uPA mRNA (Costantini et al, 1991 (Costantini et al, , 1996 Damjanovich et al, 1994; Del Vecchio et al, 1993; Jänicke et al, 1991; Jankun et al, 1993; Sumiyoshi et al, 1991) . In other studies, uPA immunostaining was mainly found in stromal cells (Kennedy et al, 1998; Visscher et al, 1993 Visscher et al, , 1995 , whereas some authors found substantial staining of both cancer cells and stromal cells (Carriero et al, 1994; Christensen et al, 1996; Dublin et al, 2000) . We have therefore undertaken the present study to contribute to a clarification of the localization of uPA protein in ductal breast cancer.
Results

Localization and Specificity of uPA Immunostaining
Specimens from 25 cases of invasive ductal breast carcinoma were immunostained for uPA using a standard ABC technique as described in "Materials and Methods." Briefly, the specimens were frozen, formalin fixed for 1 hour at 4°C, paraffin embedded, and following sectioning and trypsin treatment, they were analyzed by immunohistochemistry with a mouse mAb (␤10) and a preparation of polyclonal rabbit immunoglobulin G (IgG) antibodies (pAb2) against human uPA. Immunostaining was seen in all cases, and in all cases the two antibody preparations gave a virtually identical staining, located in the stromal regions of the tumor. The intensity of the staining varied within the same specimen and from case to case. Usually, the strongest staining was found in a desmoplastic cellular stroma in the paracentral area of the tumors (Fig. 1A, Panel a) . Staining was less intense in the peripheral part of the tumor area, except for a few cases in which there was an equally intense staining throughout the stroma of the whole tumor. uPA staining was most prominent in fibroblast-like cells immediately surrounding cancer cell formations in the paracentral area, where there was also a diffuse extracellular staining of the entire stroma (Fig. 1A, Panel b). Similar staining of fibroblast-like cells was observed in the central sclerotic area; however, no staining was seen of the extracellular matrix of the sclerotic stroma (not shown). In all cases, some uPAimmunoreactive, macrophage-like cells were also observed (see below). Most of these cells were located in the tumor stroma, but a few were found intraluminally. In 12 of the 25 cases, some uPA-immunostained cells located throughout the tumor area were by morphological criteria assessed to be capillary endothelial cells. We cannot exclude that uPA-positive capillary endothelial cells were also present in some of the other 13 cases. A small subpopulation of the cancer cells was uPA-positive in 3 of the 25 cases of ductal carcinoma. Noncancerous tissue was without any detectable uPA immunostaining.
We also studied a small sample (six cases) of invasive lobular breast carcinoma. In four of these, we found uPA immunostaining that was confined to the stromal parts of the tumors and distributed identically to that described above for the ductal carcinomas. The remaining two lobular tumors were altogether negative for uPA immunostaining. Whether this relatively high proportion of uPA-negative tumors is a characteristic of lobular breast carcinoma remains to be established.
Specimens from all the 31 cases described above were also test-stained with nonimmune rabbit IgG as a negative control. No staining was seen with this IgG preparation in any of the sections. The specificity of the immunostaining obtained above was further tested by staining of five of the invasive ductal carcinomas with another preparation of rabbit polyclonal antibodies to human uPA (pAb1) and with two additional negative control antibody preparations: pAb1 preabsorbed with a purified uPA preparation (pAb1 Ϫ ) and a mouse monoclonal antibody raised against tri-nitrophenyl (TNP) and having the same IgG subtype (IgG 1 ) as the ␤10 uPA antibody. In all five cases, the pAb1 preparation gave a staining pattern identical to that found with the ␤10 and pAb2 antibodies, whereas no staining was seen with either of the negative control antibody preparations ( Fig. 2A) . We conclude from these observations that the identical staining obtained with the three different uPA antibody preparations is specific for uPA and thus reveals the localization of genuine uPA protein in breast cancer tissue.
To further evaluate this conclusion, we compared the staining intensity obtained in tissue sections from six invasive ductal carcinomas with the uPA antigen content measured by ELISA in extracts from adjacent Urokinase plasminogen activator (uPA) immunostaining of paraffin-embedded specimens of human ductal breast cancer tissue and comparison of the staining intensities with uPA levels measured by ELISA. Tissue specimens were formalin fixed for one hour at 4°C and paraffin embedded. Sections (5 m) were trypsinized, incubated with uPA antibodies that were detected with the avidin biotin complex (ABC) peroxidase technique, developed with 3-amino-9-ethylcarbazole (AEC, red-brown color), and counterstained with Mayers hematoxylin (see "Material and Methods"). A, In the typical example, the strongest immunostaining is seen in paracentral areas (pc in Panel a and magnified in Panel b). Note that the staining is focal and that the periphery (p) and central areas (c) of the tumor show less intense staining (a). uPA immunostaining is seen in stromal cells (s in Panel b) whereas no staining is seen in the cancer cells (ca in Panel b). uPA was detected with the mAb ␤10 (10 g/ml). B, Frozen samples from six invasive ductal carcinomas were each divided into two halves. One half was pulverized and processed for uPA ELISA measurements, and the other was formalin fixed and paraffin embedded and used for uPA immunohistochemistry with pAb2 (5 g/ml). The uPA stained sections were scored by three independent observers as specified in "Material and Methods." C, The average scores and the corresponding uPA ELISA values are shown. The Spearman rank correlation was 0.90 (p Ͻ 0.02). Bars in A: a ϭ 1100 m, b ϭ 30 m; B: 100 m. tissue specimens. As it appears from Figure 1 , B and C, there was a close correlation between the average relative scores of uPA staining intensity given by three independent observers and the uPA antigen levels measured by ELISA in the corresponding extracts (Spearman rank correlation 0.90, p Ͻ 0.02).
The specificity of the uPA immunostaining was also supported by strong similarity between the antigenstaining pattern and the pattern of uPA mRNA expression in fibroblasts that was found in our previous study (Nielsen et al, 1996) . This similarity was confirmed when uPA immunostaining and uPA mRNA in situ hybridization were performed on adjacent sections from five invasive ductal carcinomas (Fig. 2B) .
Colocalization of uPA and Cell Type Markers
We have previously found that the uPA mRNA in breast cancer tissue colocalizes with ␣-smooth muscle actin (␣-sm-actin) immunoreactivity in fibroblastlike cells that we identified as myofibroblasts (Nielsen et al, 1996) . In breast carcinomas, ␣-sm-actin may not only be expressed in myofibroblasts, but also in myoepithelial cells. Myoepithelial cells surround normal glands and ductal carcinoma in situ foci, which may occasionally be present in some of the invasive carcinomas. They are easily recognized by their serrated morphology. In addition, ␣-sm-actin is present in vascular smooth muscle cells in arteries, veins, and larger capillaries (Nielsen et al, 1996; Sappino et al, 1988) . We, therefore, only considered ␣-sm-actin immunoreactive cells as myofibroblasts when they were located extravascularly and had a fibroblast-like morphology.
Eight invasive ductal carcinomas were analyzed by immunoperoxidase staining for uPA (pAb2) and ␣-smactin on adjacent sections. The uPA-immunoreactive cells were often colocalized with ␣-sm-actinimmunoreactive cells, which on the basis of their morphology and location were identified as myofibroblasts. These cells were particularly abundant and stained strongly for both proteins in the paracentral areas of the tumors and in the vicinity of cancer cells. In contrast, ␣-sm-actin positive cells assessed as myoepithelial cells or vascular smooth muscle cells were not colocalized with the uPA-stained cells. The colocalization of uPA antigen and ␣-sm-actin was directly studied by confocal double immunofluorescence microscopy as shown in Figure 3 . In all of eight cases studied, many fibroblast-like cells were doublestained (arrowheads in Fig. 3 , a to c) and we concluded that they represent uPA-immunoreactive myofibroblasts.
As discussed above, it was evident from morphological criteria that uPA immunoreactivity was not confined to fibroblast-like cells, but was also present in macrophage-like cells. In accordance with this finding, the double immunofluorescence for uPA and ␣-sm-actin showed that some of the uPA-positive cells were ␣-sm-actin negative (Fig. 3, a to c, open  arrows) . The assessment of some of the uPA-positive cells as macrophages was confirmed by confocal double immunofluorescence microscopy with a mAb directed against a macrophage-restricted form of the CD68 molecule (mAb PGM1) (Falini et al, 1993) together with the uPA antibodies. This showed that immunoreactivity for uPA was present in a subpopulation of the CD68-positive macrophages in all of the eight cases of ductal carcinoma that we analyzed in this way (Fig. 3, d to f) .
To further identify the uPA immunoreactive cells, which appeared morphologically to be capillary endothelial cells, we stained adjacent sections for uPA and the endothelial cell-specific marker CD31. A colocalization of cells stained for the two proteins confirmed the presence of uPA in some capillary endothelial cells (Fig. 4) .
Parameters Influencing uPA Immunostaining
Because our results are in disagreement with several previously published immunohistochemical studies of uPA localization, we tried to elucidate the influence of some parameters that might have contributed to the differences in the results.
Formalin Fixation
We first studied the effect of temperature and length of formalin fixation on the uPA immunostaining. Frozen specimens from eight invasive ductal carcinomas were fixed in formalin for 1, 8, or 24 to 32 hours at either 4°C or room temperature, before they were paraffin embedded. Sections were stained with polyclonal antibodies to uPA (pAb2) and the relative staining intensities were evaluated as described in "Materials and Methods." The specimens that had been formalin fixed at 4°C for 1 and 8 hours displayed a strong and similar staining intensity. Specimens fixed at room temperature showed a similar strong immu- Immunoperoxidase staining of human ductal breast cancer tissue with different uPA antibody preparations and comparison with the localization of uPA mRNA. A, Consecutive adjacent sections, prepared as described in Figure 1 , were immunohistochemically stained with polyclonal antibody preparations against uPA (pAb1, 5 g/ml) Panel a, and pAb2 (5 g/ml) Panel b, with a uPA polyclonal antibody preparation preabsorbed with purified uPA (pAb1 Ϫ (5 g/ml) Panel c, with monoclonal antibodies against uPA (#394, 40 g/ml) Panel d, and ␤10 (10 g/ml) Panel e, and with a monoclonal antibody of irrelevant specificity (anti-TNP, 10 g/ml) Panel f. Note that a virtually identical staining pattern is seen with the four anti-uPA antibody preparations. Virtually no staining is seen with the polyclonal antibody preparation after preabsorption with uPA nostaining after 1 hour, whereas only weak staining was generated after fixation for 8 hours. No, or only occasional, immunostaining was seen in specimens fixed for 24 to 32 hours at either 4°C or at room temperature (Table 1 and Fig. 5 ). Thus, loss of uPA staining can be caused by overfixation, resulting from either high temperature or prolonged fixation time.
Trypsin Predigestion
Proteolytic digestion is used as a general pretreatment to demask epitopes in immunohistochemistry (Sternberger, 1979) . We found that the short trypsin predigestion (6 minutes) we routinely use was essential for retrieving uPA immunoreactivity in the standard formalin-fixed and paraffin-embedded specimens (Fig. 5 , f to g). However, in specimens that were fixed for 24 to 32 hours at either 4°C or room temperature, the predigestion did not retrieve any or retrieved only faint uPA immunoreactivity, even after prolonged digestion (data not shown). Prolonged trypsin digestion (Ͼ10 minutes) of the standard formalin-fixed and paraffin-embedded specimens was associated with reduced uPA immunoreactivity and tissue morphology.
Paraffin Embedding
To test whether the paraffin embedding used in our standard procedure had any effect on the uPA immunostaining pattern, we compared the staining pattern in paraffin sections with that in cryostat sections from specimens of the same tumor. In this experiment, we analyzed specimens from three cases of ductal carcinoma with the monoclonal ␤10 antibody, the polyclonal antibodies pAb1, and the uPA-preabsorbed antibody preparation pAb1 Ϫ . In all three cases, ␤10 and pAb1 showed stromal staining in paraffin sections with a similar pattern but with slightly stronger intensity than that found in the corresponding cryostat sections (Fig. 6 ). Virtually no staining was seen in any of the three cases in either paraffin or cryostat sections with the preabsorbed preparation (pAb1 Ϫ ). Thus, under these conditions, paraffin embedding does not change the uPA immunostaining pattern but may slightly increase the intensity.
Different uPA Antibodies
To further test the specificity of different antibodies directed against uPA, we tested four additional mAb against uPA (clones 5, 6, #377, and #394) by immunoperoxidase staining of four cases of invasive ductal carcinoma, using our standard procedure with antibody concentrations ranging from 10 to 40 g/ml. Each of these four uPA-antibodies have previously been used in immunohistochemical studies of uPA in breast cancer (Carriero et al, 1994; Christensen et al, 1996; Del Vecchio et al, 1993; Jänicke et al, 1991; Jankun et al, 1993; Kennedy et al, 1998; Sumiyoshi et al, 1991) . We also included two additional control mAb of irrelevant specificity (anti-hirudin and antiovalbumin). With two exceptions, it was found that the two negative control mAb of irrelevant specificity gave no staining, whereas all four uPA Ϫ antibodies gave stromal staining patterns, which agrees with the results obtained with the three initially used uPA antibody preparations, although there were moderate differences in the staining intensities ( Table 2 ). The first exception was that antibody #394, used at a high concentration (40 g/ml), weakly stained cancer cells in addition to stromal cells in some of the tumors (not shown), whereas in other tumors it only stained the stromal compartment ( Fig. 2A, Panel d) . The second exception was that 40 g/ml of the control mAb raised against TNP, gave a cancer cell staining (but no stromal staining), which was similar to the result obtained with mAb #394 in the same tumors.
Detergent Wash
We routinely use the nonionic detergent Triton X-100 in the washing buffers in our standard immunoperoxidase staining procedure to reduce the nonspecific absorption of antibodies (Hartmann et al, 1972; Juhl et al, 1984; Larsson, 1981; Larsson et al, 1984; Seppa and Jarvinen, 1979; Sternberger, 1979) . Because detergent wash may not have been used in some of the studies in which uPA immunostaining has been found in breast cancer cells (Jänicke et al, 1991; Jankun et al, 1993; Sumiyoshi et al, 1991) , we tested the effect of omission of detergent. These experiments were done with paraffin sections that had been formalin fixed for 24 hours at room temperature to mimic the conditions that exist for routine stainings in pathology departments and in the above-cited uPA staining studies. Furthermore, we used the same uPA mAb (#394) as used in those studies. Under these conditions we observed staining of cancer cells (but not of stromal cells) with 10 g/ml of the #394 uPA antibody in three of four different invasive ductal carcinomas studied in this way (Fig. 7a) . A similar staining was found in the same three cases with the same concentration of the anti-TNP control antibody when the detergent wash was omitted (Fig. 7c) . No staining of either cancer cells or stromal cells was seen when staining with the #394 and anti-TNP antibodies were done in parallel under conditions that were identical except for the addition of detergent to the washing buffers (Fig. 7, b and d) . To examine whether staining of cancer cells could be generated by other mAb, we tested uPA mAb clones 5 and 6 as well as anti-hirudin and anti-ovalbumin antibodies (10 g/ml), using detergent-free washing of these strongly fixed sections. Whereas anti-uPA clones 5 and 6 and anti-ovalbumin in all 4 cases showed no staining, the anti-hirudin antibody did stain cancer cells in a similar way as the #394 and anti-TNP antibodies (not shown).
Discussion
We found uPA immunostaining in tumor tissue from all of 25 cases of ductal mammary cancer. A virtually identical staining pattern was obtained with a mouse monoclonal and two different rabbit polyclonal uPA PA, urokinase plasminogen activator. a Specimens were formalin fixed for 1, 8, or 24 -32 h at 4°C or room temperature, paraffin embedded, and then stained with polyclonal anti-uPA IgG (pAb2, 5 g/ml). Relative staining intensities were scored as specified in "Material and Methods." Specimens fixed for 1 and 8 h at 4°C, and 1 h at room temperature, had an almost equal intensity, whereas the specimens fixed for 24 -32 h at either temperature showed little or no staining (see also Fig. 5) .
b 3ϩ ϭ strong, 2ϩ ϭ moderate, 1ϩ ϭ weak, 0 ϭ no or only occasional staining.
c Fixation temperatures. d Defined as 3ϩ.
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antibody preparations. No staining was observed when the monoclonal uPA antibody was replaced with a mAb of the same IgG subtype but of irrelevant specificity or when the polyclonal uPA antibodies were replaced with a nonimmune rabbit immunoglobulin preparation or with one of the polyclonal uPA antibody Effect of detergent in washing buffer on staining of prolonged formalin-fixed human ductal breast cancer tissue with the #394 monoclonal uPA antibody and a control tri-nitro-phenyl (TNP) antibody. Sections from paraffin-embedded specimens, fixed for 24 hours at room temperature, were incubated with the #394 monoclonal antibody against uPA (10 g/ml, Panels a, b) or the negative control monoclonal antibody against TNP (10 g/ml, Panels c, d), and these were immunohistochemically processed without (Panels a, c) or with (Panels b, d) detergent (0.5% Triton X-100) in the washing buffer. No staining is seen with #394 and anti-TNP using detergent containing washing buffer (Panels b, d), whereas staining of cancer cells is observed with both #394 and anti-TNP when detergent is omitted from the washing buffer (Panels a, c). Note that, with the prolonged fixation used in this experiment, immunostaining for uPA is not found in the stromal cells of detergent-washed sections. This lack of specific uPA staining of prolonged formalin-fixed tissue is in agreement with results obtained with other uPA antibody preparations ( Figure 5 and Table  1 ). In contrast, the standard procedure, including fixation for 1 hour at 4°C and detergent wash, results in staining that is confined to stromal cells when 40 g/ml of the #394 antibody is used ( Figure 2B preparations that had been preabsorbed with a purified uPA preparation. We therefore concluded that the immunostaining represented genuine uPA immunoreactivity. This conclusion was further supported by (a) a close correlation between the intensity of the uPA immunostaining of tissue sections and the uPA protein content measured by ELISA in extracts of adjacent specimens and (b) by a very similar pattern of uPA immunostaining and uPA mRNA expression found on adjacent sections. In all 25 cases of ductal mammary cancer, uPA immunoreactivity was found in stromal cells, whereas cancer cells were only immunoreactive in 3 of the cases, and in these cases only a small subpopulation of the cancer cells were uPA-immunoreactive.
By morphological criteria we assessed the uPApositive stromal cells in all cases to include some fibroblasts and macrophages and also, in approximately half of the cases, some capillary endothelial cells. This cell identification was verified by studies of the colocalization of uPA and markers for these cell types. Staining of adjacent sections and confocal laser scanning double immunofluorescence microscopy thus showed colocalization of uPA and ␣-sm-actin, which in breast cancer tissue is found in myofibroblasts, occasional myoepithelial cells, and vascular smooth muscle cells (Nielsen et al, 1996; Sappino et al, 1988) . Based on morphological criteria, we determined that the cells positive for uPA and ␣-sm-actin were not myoepithelial cells, and their extravascular location showed that they were not vascular smooth muscle cells. We therefore concluded that they were myofibroblasts, in good agreement with their spindleshaped morphology and their preferential localization adjacent to cancer cell formations. The colocalization studies, however, also showed that not all myofibroblasts expressed detectable amounts of uPA. Similar studies of colocalization of uPA and the macrophage marker CD68 verified that some of the uPA-positive cells were tumor-infiltrating macrophages. But, again, it was only a subpopulation of the macrophages that expressed detectable uPA immunoreactivity. Staining of adjacent sections for uPA and the endothelial cell-specific marker CD31 confirmed that some capillary endothelial cells were uPA immunoreactive.
Our results are in agreement with those of Visscher et al (1993 Visscher et al ( , 1995 and Kennedy et al (1998) , who found that uPA immunostaining was mainly located in stromal cells in breast cancer tissue. Visscher et al (1993 Visscher et al ( , 1995 described the uPA-positive cells as stromal cells, including endothelial cells. Kennedy et al (1998) described positive stromal cells as fibroblasts, myofibroblasts, and macrophage-like cells, and with double staining they identified uPA-positive macrophages but no uPA-positive vessels. In contrast, our results strongly disagree with those of Jänicke et al (1991) , Sumiyoshi et al (1991) , Jankun et al (1993) , Del Vecchio et al (1993) , and Damjanovich et al (1994) , who all found that uPA is exclusively or mainly located in cancer cells, and our results also disagree with those reported by Costantini et al (1991 Costantini et al ( , 1996 , Carriero et al (1994) , Christensen et al (1996) , and Dublin et al (2000) , who found substantial staining of both cancer cells and stromal cells.
We found that a lack of staining of stromal cells can be due to prolonged formalin fixation. Thus, a strong and specific uPA staining found in tissue that had been fixed for 1 hour at either 4°C or room temperature, became weak when the tissue had been fixed for 8 hours at room temperature and was undetectable when the tissue had been fixed for 24 to 32 hours at either 4°C or room temperature. Although fixation a Specimens were formalin fixed for 1 h at 4°C, paraffin embedded, and stained, using standard procedures. In all cases the staining intensity was evaluated by comparison with the staining of adjacent or near-adjacent sections performed in parallel with pAb2 (5 g/ml), which was rated as 3ϩ (see "Materials and Methods").
b Control antibodies are labeled with asterisks. All other antibodies are directed against uPA. c Relative staining intensity: 3ϩ ϭ strong, 2ϩ ϭ moderate, 1ϩ ϭ weak, 0 ϭ no or only occasional staining. d Some staining of cancer cells observed in some tumors is considered non-specific and not included in the rating (see text). e Defined as 3ϩ.
time is not specified in most of the studies that found no stromal uPA-staining, it is likely that several of them have used prolonged formalin fixation, because it is routinely used in many pathology departments, and this factor may be important for the differences in staining results. Another factor we found important for detection of uPA immunoreactivity was proteolytic treatment of sections before incubation with the uPA antibodies. In our standard staining procedure, we used trypsin for predigestion (Sternberger, 1979) . When the predigestion was omitted, we found virtually no uPA staining, in contrast to a strong and specific uPA staining of adjacent sections that had been trypsin treated. In several of the reports showing a lack of, or only weak, uPA staining in stromal cells, it is not indicated whether or not proteolytic retrieval of immunoreactivity has been used, and this parameter may therefore also have contributed to the different findings.
The immunostaining could also be influenced by the paraffin embedding used before sectioning. We compared the uPA staining of paraffin sections with that of cryostat sections but found no difference in the staining pattern, although the staining intensity was slightly weaker in the cryostat sections. In all the cited uPA staining studies, either paraffin or cryostat sections have been used. It is therefore not likely that differences in embedding procedure have played any major role in producing the differences in results.
To evaluate the possible importance of the use of different uPA antibody preparations in different studies, we tested four mAb in addition to the single monoclonal and two polyclonal antibodies we initially used. Using our standard conditions, we found stromal staining with all of the antibody preparations, although the staining intensities and the antibody concentrations needed to obtain staining varied. It is therefore not likely that the discrepancies in stromal staining between our study and the other studies are to any large extent due to the use of different uPA antibodies.
We found that the staining of cancer cells was influenced by the antibody preparation used. Under our standard conditions, we found that the mAb #394 was alone among the seven uPA antibody preparations tested in showing diffuse cancer cell staining in some tumors when used at a high concentration (40 g/ml). This concentration was required for the antibody to give appreciable amounts of stromal cell staining. However, under the same conditions, similar cancer cell staining, but no stromal staining, was obtained when the same tumors were stained with a monoclonal TNP-antibody of the same murine IgG subclass, and we therefore concluded that the cancer cell staining obtained with antibody #394 under these conditions is nonspecific. Antibody #394 has been used in many of the studies showing cancer cell staining. The use of different antibody preparations is therefore likely to have contributed substantially to the differences in the staining of cancer cells.
We further found that cancer cell staining with the #394 antibody was strongly enhanced when we omitted the addition of detergent to washing buffers, which can be used to reduce nonspecific binding of antibodies (Hartmann et al, 1972; Juhl et al, 1984; Larsson, 1981; Larsson et al, 1984; Seppa and Jarvinen, 1979; Sternberger, 1979) . Without detergent we found that a low concentration of the #394 antibody-so low that it did not give stromal staining (10 g/ml)-gave cancer cell staining in three of four cases that had been formalin-fixed for 24 hours at room temperature. Thus, under these conditions, we obtained staining of cancer cells and no staining of stromal cells, as has also been reported in many previous studies. It should be noted however that similar cancer cell staining was also obtained under these conditions with two different negative control mAb of irrelevant specificity, so that it may be reasonably concluded that the staining we obtained with the #394 mAb was not specific for uPA. In these experiments neither the #394 antibody nor the negative control antibodies produced staining of cancer cells when detergent was added to the washing buffers. In most of the reports on uPA staining of cancer cells, it is not indicated whether detergent was used in the immunohistochemical procedure. It is, therefore, not clear whether this factor has contributed to the different staining patterns.
We conclude that the conflicting results reported on the immunohistochemical localization of uPA in breast cancer tissue may be due to the use of different antibodies and different procedures with respect to fixation conditions, proteolytic retrieval, and detergent wash. It is, however, not possible to determine the extent to which each of these parameters may have influenced the individual studies, because sufficiently detailed information on the methods used is often lacking.
The in situ hybridization localization of uPA mRNA in stromal cells found in this study is consistent with our previous in situ hybridization study, in which 26 of 28 cases of ductal breast carcinoma showed distinct uPA mRNA signals in fibroblasts, whereas only 1 case showed a signal in cancer cells (Nielsen et al, 1996) . In that study, identical results were obtained with two nonoverlapping antisense RNA-probes, whereas no signals were found with the corresponding sense RNA probes, and immunostaining for a panel of stromal cell markers identified the uPA mRNA expressing cells as myofibroblasts. It is noteworthy that two cases of breast cancer with squamous cell differentiation included in the previous study showed uPA mRNA expression in cancer cells in contrast to the findings in the ductal cancers (Nielsen et al, 1996) . Wolf et al (1993) also found that uPA mRNA is almost exclusively expressed in fibroblasts in ductal mammary cancer, whereas Escot et al (1996) with one antisense mRNA probe found a weak signal in both cancer cells and stromal cells in breast adenocarcinomas of unspecified subtype. The reason for the discrepancy in cancer cell expression between this latter study and the three other in situ hybridization studies is unknown.
Our finding of uPA protein in macrophages is surprising in view of the lack of detectable uPA mRNA in these cells (Nielsen et al, 1996) . This may indicate that the uPA protein found in the macrophages has actually been produced and secreted by the myofibroblasts and then subsequently become bound to uPAR, which is mainly located on macrophages in breast cancer tissue (Bianchi et al, 1994; Pyke et al, 1993) . It is, however, also possible that uPA mRNA is actually present in macrophages, but in amounts below the detection limit of the in situ hybridization technique used in our previous study. The localization of uPA protein in capillary endothelial cells also seems to contradict the previously reported lack of uPA mRNA in these cells (Nielsen et al, 1996) . Again, this may indicate that the uPA found in the endothelial cells is produced by the myofibroblasts and subsequently has become bound to the uPAR, which is expressed by some endothelial cells in breast cancer tissue (Bianchi et al, 1994) . In this respect it is also relevant that another uPA binding protein, the inhibitor PAI-1, likewise is expressed by some endothelial cells in breast cancer (Bianchi et al, 1995; Pappot et al, 1995) . It is also possible that uPA mRNA is present in endothelial cells at levels below the detection limit. A clarification of the possible colocalization of uPA with uPAR and PAI-1 will require further confocal immunofluorescence studies.
Our present findings add to the general view that stromal cells are strongly involved in the generation and regulation of extracellular proteolysis during cancer invasion Hewitt and Danø, 1996; Johnsen et al, 1998; Werb, 1997) . This stromal cell involvement includes both the uPA system and the matrix metalloproteases. The pattern of expression of individual components of protease systems is usually very similar in different cases of the same type or subtype of cancer, whereas it often varies between different types of cancer. The preferential expression of uPA in fibroblasts, uPAR in macrophages, and PAI-1 in endothelial cells that is observed in ductal mammary carcinoma is similar to the pattern seen in colon cancer, where uPA is located in fibroblast-like cells (Grøndahl-Hansen et al, 1991; Pyke et al, 1991b) , PAI-1 in endothelial cells (Pyke et al, 1991a) , and uPAR in macrophages, and, unlike ductal mammary carcinoma, usually also in a subpopulation of the cancer cells (Pyke et al, 1991a . In contrast, in squamous skin carcinoma, uPA, uPAR, and PAI-1 are all mainly expressed by the cancer cells (Hewitt and Danø, 1996) . The matrix metalloproteases, gelatinase A and stromelysin-3, are expressed by fibroblasts in all three types of cancer discussed here. Gelatinase B is expressed by macrophages in all three cancer types, and in squamous cell skin cancer, also in some cancer cells (Hewitt and Danø, 1996; Johnsen et al, 1998) .
It could be argued that the stromally produced components of protease systems have no functional role in tumor biology or even that they may be a part of the host defense mechanism. However, several lines of evidence indicate that these components play a role in tumor progression. In polyoma middle T-induced mouse mammary carcinoma, as in human ductal mammary carcinoma, uPA mRNA is found in fibroblast-like stromal cells (Bugge et al, 1998) . In plasminogen-deficient mice, metastasis of this experimental tumor is delayed, indicating that plasmin generation by uPA produced by these stromal cells facilitates metastasis (Bugge et al, 1998) .
That stromal cell-produced components of protease systems have substantial effects on cancer progression is also strongly supported by prognostic studies of cancer patients. Such studies show that high levels of the components involved in extracellular matrix degradation measured in the tumor tissue or blood in many types of cancer are associated with poor prognosis, apparently regardless of whether these components are expressed in stromal cells or in cancer cells (Brünner et al, 2000) . It is particularly noteworthy that the high levels of uPA in human breast cancer tissue extracts, which as demonstrated in the present study mainly comes from stromal cells, are consistently associated with poor prognosis (Brünner et al, 2000; Duffy et al, 1990; Grøndahl-Hansen et al, 1993) . In accordance with this statement, Dublin et al (2000) recently reported that the uPA staining they found associated with fibroblastic cells tended to be associated with shorter time to relapse, whereas this was not the case for the staining they found associated with cancer cells (Dublin et al, 2000) .
Cancer cells thus appear to recruit stromal cells to produce components of protease systems in a process that promotes tumor progression Johnsen et al, 1998) . The mechanisms involved in this recruitment are little known, but must involve some form of signaling between the cancer cells and the stromal cells. The phenomenon of stromal expression of molecules important for cancer progression has particularly been studied in relationship to matrixdegrading protease systems, but it is likely to reflect a more general involvement of stromal cells in tumor biology, ie, that the stromal cells contribute not only to invasion and metastasis but also to other capabilities crucial for cancer progression, such as tumor growth (Chung, 1991; Hanahan and Weinberg, 2000; Kerbel, 1995; Noel et al, 1993) .
We have previously suggested that a requirement of stromal cells for cancer progression may have profound implications for our understanding of crucial aspects of cancer biology Johnsen et al, 1998) . Recruitment of a distinct group of stromal cells could thus be critical for the development of a single cancer cell that has migrated from the primary tumor to another tissue into a progressing metastasis. This recruitment process may contribute substantially to the long latency in occurrence of metastases that is seen in many types of human cancer. Furthermore, the selectivity of the metastasis of some types of tumors for specific organs or tissues (Tarin, 1992) may reflect the chances of a successful stromal cell recruitment, which depends on the types of cells that are available at the new site.
Similarly, recruitment of stromal cells may play a crucial role in carcinogenesis. It may, therefore, not be sufficient for a cell to acquire the characteristics of a cancer cell; recruitment of the appropriate combina-tion of stromal cells may also be needed to form an invasive tumor, and this recruitment process may contribute substantially to the long latency typical of carcinogenesis (Johnsen et al, 1998) . Experimental support for this hypothesis was recently reported by Coussens et al (2000) , who found that skin carcinogenesis, which is impaired in gelatinase B-deficient mice, can be restored by gelatinase B supplied by transplanted bone marrow cells from normal mice.
The involvement of specific types of stromal cells in cancer progression may form the basis for new therapeutic approaches. The uPA-expressing myofibroblasts may thus be a useful target for the treatment of breast cancer, a distinct advantage being that these nonmalignant cells are less prone to develop resistance than the genetically unstable cancer cells .
Materials and Methods
Antibodies
The following mouse monoclonal antibodies (mAb) to human uPA were used: clones 5, 6, ␤10, #377, and #394. Clones 5 and 6 have been described previously (Grøndahl-Hansen et al, 1987; Nielsen et al, 1986; Rosenquist et al, 1993) . Clone ␤10 was a gift from Dr. J. Grøndahl-Hansen (Danish Veterinary Laboratory, Copenhagen, Denmark). Clones #377 and #394 were purchased from American Diagnostica Inc. (Greenwich, Connecticut). A polyclonal IgG anti-uPA preparation (pAb1) was prepared from rabbits immunized with uPA (purified from human urine) and absorbed with human plasma proteins (Grøndahl-Hansen et al, 1988; Kristensen et al, 1984) . This preparation was divided into two parts; one part was passed through a column with immobilized bovine serum albumin (pAb1), and the other part was passed through a column with immobilized uPA and was used as a negative control antibody preparation (pAbl Ϫ ). Another polyclonal rabbit Ig anti-uPA preparation, which had been absorbed with human plasma proteins (pAb2), was a gift from Marianne Nielsson (DAKO A/S, Glostrup, Denmark). Negative control mAb to 2,4,6-trinitrophenyl (TNP) hapten, ovalbumin, and hirudin were obtained from the State Serum Institute, Copenhagen, Denmark. mAb recognizing CD31 (clone JC/70A), ␣-sm-actin (clone 1A4), and CD68 (clone PG-M1) were purchased from DAKO. The ABC Kit (K492) for detection of primary antibodies, streptavidin conjugated alkaline phosphatase (D396), and FITC-conjugated goat anti-mouse IgG (F479) were also obtained from DAKO.
Tissues and Fixation
Tissue specimens with an approximate size of 3 ϫ 10 ϫ 10 mm were obtained from 25 cases of primary invasive ductal breast carcinoma (6 Grade I, 14 Grade II, and 5 Grade III, according to Bloom and Richardson, 1957 ) and 6 cases of primary lobular breast carcinoma. Within 30 minutes after surgical extirpation, the specimens were frozen in isopentane/dry-ice and stored at Ϫ80°C. As standard procedure for uPA immunohistochemistry, the frozen specimens were thawed at 4°C for 10 minutes, fixed in neutral buffered 4% formalin for 1 hour at 4°C, and subsequently dehydrated/fixed in ethanol and paraffin embedded. This combination of short-term formalin fixation and ethanol fixation/dehydration of the relatively small tissue specimens resulted in paraffin samples with excellent tissue morphology and had no apparent differential effect on uPA immunoreactivity throughout the tissue sections. In some experiments, cryostat sectioning and/or a different fixation temperature and time were used as indicated. The tumor specimen sampling was in accordance with permission provided by the Regional Scientific-Ethical Committee for Copenhagen and Frederiksberg, Denmark (Journal No. KF 01-456/93).
Immunohistochemistry
The following standard procedures were used, except where otherwise indicated.
Paraffin sections. Paraffin sections (5 m) were deparaffinized for 20 minutes with coconut-oil at 60°C or with xylene at room temperature and hydrated through ethanol/water dilutions. Proteolytic predigestion was performed with 0.025% trypsin (Sigma, St. Louis, Missouri) in 50 mM Tris-HCl, pH 7.6, containing 0.1% CaCl 2 for 6 minutes at 37°C. Sections were blocked for endogenous peroxidase activity by incubation with 0.5% hydrogen peroxide for 30 minutes at room temperature. Then, sections were washed in detergent containing washing buffer Tris buffered saline (TBS)-T (50 mM Tris-HCl; 150 mM NaCl, pH 7.6; 0.5% Triton X-100) and exposed to primary antibodies overnight at 4°C. All antibodies were diluted in TBS containing 0.25% bovine serum albumin. The mAb anti-uPA clone ␤10 and mAb anti-TNP were used at 10 g/ml, whereas pAb1, pAb1 Ϫ , pAb2, and nonimmune rabbit IgG were used at 5 g/ml, except where otherwise stated. The mAb against CD31 was diluted 1:30. The site of antigen-antibody reaction was detected by biotinylated secondary antibodies followed by streptavidin complexed with biotinylated peroxidase using the ABC kit as recommended by the manufacturer. Each antibody incubation was followed by a 15-minute wash in TBS-T. The presence of Triton X-100 in the washing buffer did not elute uPA antigen from the sections, because the specific uPA staining pattern was unaffected by its presence when tested on individual cryostat sections or individual paraffin sections from short-term formalin-fixed specimens. Sections were developed with 0.25 mg/ml 3-amino-9-ethylcarbazole (AEC) in 0.05 M buffered acetic acid (pH 5.0) for 10 minutes. In addition, the following primary mAb were used in some of the experiments: anti-uPA clone 5 (10 -40 g/ml), clone 6 (10 -40 g/ml), #394 (10 -40 g/ml) and #377 (40 g/ml), anti-hirudin (10 g/ml), and anti-ovalbumin (10 g/ml).
Cryostat sections. Cryostat sections (8 m) were air dried at room temperature and fixed in neutral buffered 4% formalin for 30 minutes at 4°C. Sections were thoroughly washed in water and endogenous peroxidase blocked by 0.5% H 2 O 2 for 30 minutes. After a brief wash in TBS-T, sections were incubated with 10 g IgG/ml of pAb1, pAb1 Ϫ , or clone ␤10 overnight at 4°C and developed as described above.
Comparison of uPA Immunohistochemistry and uPA mRNA In Situ Hybridization
To compare the localization of uPA antigen and uPA mRNA, three adjacent 8-m cryostat sections from five invasive ductal carcinomas were prepared for immunohistochemistry or in situ hybridization as follows: (Section 1) immunohistochemical staining with polyclonal antibodies against uPA (pAb2, 10 g/ml) as specified above; (Section 2) in situ hybridization with antisense uPA probe; and (Section 3) in situ hybridization with sense uPA probe. The probes were transcribed from the plasmid phuPA10, and in situ hybridization was performed as described previously (Nielsen et al, 1996) , with the following modification related to the use of cryostat sections: the cryostat sections were immediately heat-treated for 4 minutes at 60°C on a heating plate, then fixed overnight in 4% paraformaldehyde (PFA) at 4°C, and, after a thorough wash in sterile water, heat-treated by boiling in citric acid buffer (pH 6.0) in a microwave oven for 3 to 4 minutes. The sections were allowed to chill to room temperature and then dehydrated in alcohol solutions. The subsequent hybridization and washing steps were exactly as described (Nielsen et al, 1996) . The hybridization pattern obtained with the antisense probe from phuPA10 was confirmed in a separate experiment, including the same breast tumor samples, by applying antisense and sense probes transcribed from the plasmid phuPA13, which contains a part of the uPA cDNA, but does not overlap that of the abovementioned plasmid phuPA10 (Pyke et al, 1991b) .
Double Immunofluorescence Microscopy
Paraffin sections were prepared for double immunofluorescence microscopy by the standard procedure for uPA immunohistochemistry as described above, except that the blocking for endogenous peroxidase was omitted. After washing with TBS-T, the sections were incubated with 0.2 to 2 g/ml of pAb1 anti-uPA IgG overnight at 4°C. Detection was performed with biotinylated swine-anti-rabbit (1:100) followed by streptavidin conjugated alkaline phosphatase (1:200) and development with Fast Red for 15 minutes. After three washes in water, the sections were incubated overnight at 4°C with mouse mAb against either ␣-sm-actin (1:50) or CD68 (1:50). Detection was subsequently done with FITC-conjugated goat-antimouse (1:200). Sections were mounted in 0.1% paraphenylenediamine in PBS-buffered 80% glycerol. FITC and Fast Red immunofluorescences were visualized in a conventional fluorescence microscope equipped with 470 -490/520 and 530 -560/580 nm excitation/suppression filters, respectively. A Zeiss laser scan microscope (LSM 310, Carl Zeiss, Oberkochen, Germany) equipped with an argon ion laser for 488 nm excitation and green and red channel detectors was used for definitive colocalization and photomicrographic reproduction. Scans were performed as overlays or consecutive green and red scans (Jensen et al, 1995) .
Scoring of Immunohistochemical Staining Intensities
The intensity of uPA staining was scored by comparison with the strong and specific staining of paraffin sections obtained with 5 g/ml of the polyclonal anti-uPA IgG preparation pAb2, using the standard fixation and staining procedure ( Fig. 2A, Panel b) . Staining intensities similar to the one obtained with 5 g/ml of pAb2 were scored 3ϩ. A score of 2ϩ was given to staining intensities that were moderately weaker and in which fewer cells were stained. A weak staining intensity of even fewer cells was scored 1ϩ. No immunostaining or only occasional immunostaining of a few cells in the section was scored 0. The staining intensities for the different uPA antibodies were evaluated on consecutive adjacent sections stained in parallel. For comparison of different fixation times and temperatures, the immunohistochemistry was performed in parallel on adjacent specimens obtained from the same tumors.
Comparison of uPA Immunohistochemistry and uPA ELISA
To determine whether the uPA staining intensity in the tissue sections was representative of the total uPA antigen level in the sample, six frozen samples of invasive ductal carcinoma were each divided into two halves. One half of each sample was processed for paraffin immunohistochemistry according to the standard procedure (pAb2, 5 g/ml), and the other half was used for uPA ELISA measurements. The immunohistochemical staining intensities were scored as specified above (here giving the most strongly stained section the highest score: 3ϩ) independently by three observers (BSN, MS, and FR) unaware of the uPA ELISA results. All immunohistochemistry was performed on sections that were cut and stained in parallel on the same day with the same antibody dilution, chromogen development time, and incubation and washing times. Tissue extracts were obtained from the frozen samples after pulverization and extraction with Camiolo's extraction buffer (3 l/mg) followed by centrifugation for 1 hour at 30,000 rpm . The supernatants were drawn off and measures of uPA antigen obtained by ELISA (type EUMIX-5; Monozyme, Copenhagen, Denmark). This ELISA is based on rabbit polyclonal antibodies as catching antibodies and three biotinylated monoclonal antibodies (clones 5, 6, and 16) as detecting antibodies (Pedersen et al, 1994b) . Total protein in the extracts was measured with the bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, Illinois), and the ELISA values were normalized to the protein content.
